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1. 
Springborn Laborator ies  is  engaged i n  a study of eva lua t ing  poten- 
t i a l l y  u se fu l  exxapsulat ing ma te r i a l s  f o r  the Fla t -P la t e  Solar  Array 
p r o j e c t  (FSA) funded by DOE. The goal  of t h i s  program is  t o  i d e n t i f y ,  
eva lua te ,  and recommend encapsulant materials and processes  f o r  t h e  
production of cos t - e f f ec t ive ,  l ong- l i f e  solar cell  modules. 
During this quarter research  work continued on the eva lua t ion  of 
soil resistant su r face  t rea tments ,  t h e  inves t iga t ion  of corrosion pro- 
t e c t i n g  coa t ings  f o r  mild steel t u b s t r a t e s ,  t h e  i d e c t i f i c a t i o n  of primers 
f o r  bonding module interfaces, and t h e  cont inua t ion  of  RS/4 acce le ra t ed  
aging of candidate  encapsulat ion compounds. 
So i l ing  test specimens were prepared by t r e a t i n g  g l a s s  and t w o  can- 
d i d a t e  oute= cover f i lms ,  Tedlar and Acrylar ,  with se l ec t ed  coa t ings  
based on s i l i c o n e ,  a c r y l i c  and fluorocarbon chemis t r ies .  The specimens 
have been exposed to  outdoor s a i l i n g  condi t ions  f o r  f i v e  months and have 
been evaluated f o r  loss of s h o r t  c i r c u i t  cu r ren t  with a s tandard  c e l l  
device. 
sur face ,  however t h e  fluorocarbon based s i l a n e s  have been found t o  be t h e  
most e f f e c t i v e  t rea tments  in a l l  cases. 
the Isc by 3.0%, but  when treated with 51668 silane showed a loss of 
only 0.4%. 
The e f f ec t iveness  of t h e  t reatment  is  dependant on t h e  type of 
Untreated Sunadex g l a s s  dropped 
Mild steel is a r e a d i l y  a v a i l a b l e  and e a s i l y  worked material t h a t  
holds  t h e  promise of being a cos t - e f f ec t ive  subs t r a t e .  
ciency is that  of corrosion s e n s i t i v i t y .  Experiments are underway t o  
a s ses s  t h e  d u r a b i l i t y  and cos t  e f f ec t iveness  of coa t ings  f o r  p ro tec t ion  
of s t e e l .  T e s t  specimens were prepared with a v a r i e t y  of f i lms ,  p a i n t s  and 
p o t t a n t s  and then exposed t o  35'C S a l t  Spray (ASTM 8-117)  and outdoor 
weathering condi t ions .  
ros ion ,  de lan ina t ion  and other d e s t r u c t i v e  e f f e c t s  a t  r egu la r  i n t e r v a l s .  
The salt  spray and outdoor r e s u l t s  genera l ly  co r re l a t ed  w e l l ,  except f o r  
t h e  degree of attack,which was much more severe i n  t h e  heated salt fog. 
Untreated con t ro l  specimens survived t h r e e  hours under sal t  spray before  
ex tens ive  corrosion became apparent. 
f i e l d  so f a r  is  lamination with an EVA/Scotchpar po lyes t e r  combination 
which has endured 2,500 hours of sa l t  spray w - - h  no s igns  of change. Other 
coat ings based on NA/Zinc chromate and a fluorocarbon based p a i n t  have 
I ts  major d e f i -  
The specimens were eva lua ted  for degree of cor- 
The most successfu l  coat ing i d e n t i -  
2 .  
survived 2,000 hours w i t h  no s i g n s  of a t t ack .  Candidate coa t ings  a r e  be- 
ing added con t inua l ly  and a l l  w i l l  be exposed u n t i l  d e t e r i o r a t i o n  sets i n .  
P r imers  were evaluated f o r  e f r ec t iveness  i n  bonding candidate  p o t t a n t s  
to  ou te r  covers ,  g l a s s  and substrate materials. 
determined by s tandard methods and measured i n  pounds pe r  i r x h  of bond 
line. Successful  primers were a l s o  tested a f t e r  two weeks of water im- 
mersion and t w o  hours of b o i l i n g  water. 
f o r  bonding EVA (9918) t o  almost a l l  candidate  materials and a new primer that 
is e f f e c t i v e  with po lyes t e r  f i lms  was i d e n t i f i e d  t h a t  gave bonds of 35 p s i .  
Despite t h e  s i m i l a r i t y  i n  chemistry,  the EMA is much more d i f f i c u l t  t o  bona 
and, t 3  date, success fu l  r e s u l t s  have only been obtained w i t h  glass and mild 
steel. 
T@dla r  and Korad b u t  add i t iona l  work is required on steel and polyes te r .  The 
buty l  a c r y l a t e  syrup is the  most d i f f i c u l t  p o t t a n t  of a l l  t o  bond and is 
a d d i t i o n a l l y  complicated by its inhe ren t ly  low t e n s i l e  s t r eng th .  
Tedlar and Sunadex g l a s s  that surv ive  the water h e r s i o n  and b o i l i n g  tests 
have been achieved however! they are both l o w  i n  bond s t r e n g t h ,  and do n o t  
exceed 1 t o  2 pounds per  inch of width. 
The bond s t r e n g t h s  were 
Good primers have been i d e n t i f i e d  
The polyurethane cas t ing  syrup has been e f f e c t i v e l y  bonded t o  Sunadex, 
Bonds t o  
R/S 4 sunlamp exposure is a widely used i n d u s t r i a l  method of assess ing  
t h e  r e l a t i v e  s t a b i l i t y  of p l a s t i c s  t o  the  degrading e f f e c t s  of u l t r a v i o l e t  
l i g h t .  The r e s u l t s  a r e  usefu l  f o r  t h e  ranking and comparison of t h e  stabil- 
i t ies of polymeric ma te r i a l s  and t h e  e f f ec t iveness  of a d d i t i v e s  and fonnula- 
t i ons .  
vived 27,000 hours exposure t o  date with no s i g n i f i c a n t  change i n  p rope r t i e s .  
In comparison, t h e  uncompounded r e s i n  begins  t o  degraae i n  about 509 hours. 
The o the rgp t t an t r sa re  also surv iv ing  without change, however they have n o t  
y e t  accumulated the same number of hours. 
d u e d  10,000 hours, and the c a s t i n g  syrups,  polyurethane and b u t y l  a c r y l a t e ,  
have been e q o s e d  f o r  8,600 and 5,700 hours, r e spec t ive ly .  Pigmented back 
cover f i l m  of Tedlar and Scotchpar and o u t e r  cover f i l m s  of t ransparent  
Tedlar (100BG30UT) show no s i g n s  of  d e t e r i o r a t i o n  t o  da t e .  The low cost 
b i a x i a l l y  o r i en ted  a c r y l i c  f i l m ,  Acrylar (3M Corporation) has been exposed 
t o  12,000 hours so f a r  and shows no change i n  u se fu l  p r o p e r t i e s ,  except t n a t  
a 40% decrease in  t e n s i l e  s t r eng th  (from 24,000 p s i  t o  14,500 p s i )  occurred 
The EVA formulation A9918 is  performing extremely w e l l  and has sur-  
The f u l l y  compounded EMA has en- 
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within the first 1,500 hours. This is believed to be due to stress 
relaxation in the polymer and to have no effect on the final performance 
and intended use of the film. 
4.  
11. INTRODUCTION 
The goal  of t h i s  program is t o  i d e n t i f y  and eva lua te  encapsulat ion 
materials and processes f o r  t h e  p ro tec t ion  of s i l i c o n  s o l a r  c e l l s  f o r  s e rv i ce  
i n  a terrestrial environment. 
Encapsulation systems a r e  being inves t iga ted  cons is ten t  with t h e  DOE 
ob jec t ives  of achieving a photovol ta ic  f l a t - p l a t e  module o r  concentrator  
a r r ay  a t  a sanufactured cos t  of $0.70 p e r  peak w a t t  ($70/m ) (1980 d o l l a r s ) .  
The p ro jec t  is aimed a t  e s t ab l i sh ing  t h e  i n d u s t r i a l  c a p a b i l i t y  t o  produce 
s o l a r  modules wi th in  t h e  requi re6  cos t  goals  by t h e  year  1986. 
2 
To in su re  high r e l i a b i l i t y  and long-term performance, t h e  func t iona l  
components of t h e  s o l a r  c e l l  module must be adequatel- .  3rotecced from t h e  
environment by s o x  encapsulat ion technique. 
t o  module funct ioning inc lude  moisture,  u l t r a v i o l e t  r ad ia t ion ,  hea t  build- 
up, thermal excursions,  dus t ,  h a i l ,  and atmospheric po l lu t an t s .  Addit ional ly ,  
t h e  encapsulat ion system must provide mechanical support  f o r  t h e  ce l l s  and 
corrosion pro tec t ion  f o r  t he  e lectr ical  components. 
The po ten t i a l ly  harmful elements 
Module design m u s t  be  based on t h e  use of appropr ia te  cons t ruc t ion  
materials and design parameters necessary t o  meet t h e  f i e l d  opera t ing  require- 
ments, and t o  maximize cost/performance. 
Assuming a module e f f i c i ency  of t e n  percent ,  which is equivalent  t o  a 
i n  midday sun l igh t ,  t h e  sao i ta l  cos t  of t h e  
Out of t h i s  cos t  goal  only 20 
2 
power cu tput  of 100 w a t t s  per  m 
modules may be  ca lcu la ted  t o  b e  $70.00 p e r  m . 
percent is a v a i l a b l e  f o r  encapsulat ion due t o  t h e  high cos t  of t h e  c e l l s ,  
in terconnects  and o ther  related components. 
may t hen  b e  s t a t e d  as $14.00 p e r  m which includes a l l  coa t ings ,pot tan ts ,  
and mechanical supports for t h e  s o l a r  c e l l s .  
2 
The encapsulat ion cos t  a l loca t io6a )  
2 
Assuming t h e  f l a t  p la te  c o l l e c t o r  t o  b e  t h e  most e f f i c i e n t  design, 
photovol ta ic  modules are composed of seven bas i c  cons t ruc t ion  elements. 
These elements are (a )  ou te r  covers;  (b) s t r u c t u r a l  a?.! t ransparent  super- 
s t ra te  materials; (c)  po t t an t s ;  (d) s u b s t r a t e s ;  ack covers;  ( f )  edge 
seals aud gasket compounds, and (g) primers.  Current -nves t iga t ions  a r e  
concerned with iden t i f ,  ing and u t i l i z i n g  n a t e r i a l s  o r  conbinations of ma te r i a l s  
for u s e  a s  each of these  elements. 
( 4  JPL Document 5101-68 
2 The former cos t  a l l o c a t i o n  f o r  encapsulat ion rnater ja ls ,  . 
(S0.25/ft2) i n  1975 d o l l a r s ,  o r  $3.50/m2 (S0.351ft 
The cur ren t  cos t  a l l o c a t i o n  of $14/m2 is an aggregate a l l o c a t i o n  f o r  a l l  
encapsulat ion materials including an edge s e a l  i ~ c !  gasket .  
~ $2.50/m 
In 1380 d o l l a r s .  
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Extensive surveys have been conducted into many c l a s s e s  of materials 
i n  order  co i d e n t i f y  a compound o r  c l a s s  of compounds optimum f o r  use  as each 
construct ion element. 
The r e s u l t s  of  these surveys hzve a l s o  been usefu l  i n  generat ing f i r s t - c u t  
cost a l loca t ions  f o r  each cons t ruc t ion  element, which a r e  es t imated t o  re as 
fol lows(  1980 d o l l a r s )  : 
Construction Elements 
. Substrate/Superstrate  
( fioad Bearing Component 1 
. P O t t a n t  
. P r i m e r  
. Outer Cover 
. Back Cover 
. Edge Sea l  tii Gasket 
Approximate Cost 
Allocat ion (a) 
( $ / d l  
7.00 
1.75 
0.50 
1.50 
1.50 
1.85 
2 
(a) Allocat ion f o r  combination of cons t ruc t ion  elements: $14/m . 
From t h e  previous work, it became poss ib l e  to  i d e n t i f y  a small  number of 
materials which had the h ighes t  p o t e n t i a l  as candadate low c o s t  encapsulat ion 
materials. The fo l lowin j  c h a r t  shows the materials of cu r ren t  interest and 
their an t i c ipa t ed  funct ions:  
1. 
2 .  
3 .  
S t a t u s  of Encapsulation Materials 
Surface materials and Under development 
TOP covers 
modif i z a t i o n  
(with w screening property)  
a. Glass Available 
b. Ted- XOO EG 30 UT Available ( w o n t )  
c. X-22417 Ac-ylic f i lm Available (3M C o r p .  1 
Pot tan ts  
a. Ethylene Vinyl Acetate Available (Springborn) 
b. Ethylene Met!!yl Acrylate Available (Springborn 1 
c. Al ipha t ic  Polyether Urethane Available (Development Associates)  
d. Pol-? Butyl Acrylate Available (Springborn 1 
JPL 
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6. 
S t a t u s  of Encapsulation Materials- Cont. 
4. 
5.  
6 .  
7 .  
8 .  
E l e c t r i c a l  and mechanical spacer 
a. Non-woven g l a s s  mats 
Subs t ra te  pane,ls 
a. Hardboard 
b. Standboard 
. .  _- ~-~ 
c. Glass-reinforced concrete  
d. Mild steel ( i n c l .  galvanized 
and enameled) 
Back covers 
a. Aluminum f o i l s  and polymer 
b. Tedlar, Mylar, Korad 
c. Pigmented e thylene  v iny l  
d. Others 
laminates  
(polymer f i lms )  
acetate 
Gaskets 
a. EPDM (s tandard  o r  custom 
p r o f i l e s )  
Sea lan ts  
a. "Tape" s e a l a n t s  
b. Gunnable s e a l a n t s  
Available (Crane Co. 1 
Available (Hasonite, 
"Super-Dorlux" , Laure l  200, 
Ukiah Standard Hardboard) 
Under development (Po t l a t ch  
Corporation 1 
Under development 
(MB Associates)  
Available 
Available 
Available (DuPont, Exce l l ,  3M) 
Available (Spr ingborn 1 
Under development 
Available (Pawling Rubber 
Company , o t h e r s  1 
Available (Tremco, Pecora, 3M) 
Available (Tremco, 3M, o t h e r s )  
In  addi t ion  t o  materials, t w o  encapsulat ion processes  a r e  being in- 
ves t iga ted  : 
(1) Vacuum bag lamination 
( 2 )  Liquid cas'ing 
The s u i t a b i l i t y  of these  processes  f o r  automation is  also being i n v a s t i -  
gated; however, t h e  s e l e c t i o n  of a process  is  almost exc lus ive ly  dependent on 
the processing p r o p e r t i e s  of t h e  p o t t a n t .  
f i c a n t  in f luence  on the eventua l  s e l e c t i o n  of p o t t a n t  materia Is. 
This i n t e r r e l a t i o n s h i p  may have a s lgn i -  
JPL 
6072.1 
7 .  
Recent e f f o r t s  have emphasized t h e  i d e n t i f i c a t i o n  and development of 
P o t t m t s  a r e  ma te r i a l s  which provide a number of func- p o t t i n g  compounds. 
t i o n s ,  bu t  pr imar i ly  serve  as a bu f fe r  between the  c e l l  and t h e  surrounding 
environment. The p o t t a n t  must  provide a mechanical o r  impact b a r r i e r  around 
t h e  c e l l  t o  prevent breakage, must provide a b a r r i e r  t o  water which would 
degrade t h e  e l e c t r i c a l  ou tput ,  must s e rve  a s  a b a r r i e r  to condi t ions  t h a t  
cause corrosion of t he  c e l l  me ta l l i za t ion  and interconnect  s t r u c t u r e ,  and 
m u s t  serve as an o p t i c a l  coupling medium t o  provide maximum l i g h t  transmis- 
s ion  to  t h e  c e l l  su r f ace  and optimize power output .  
This r e p o r t  p resents  t he  results of  t he  p a s t  q u a r t e r  which has been 
d i r e c t e d  i n  t echn ica l  i nves t iga t ions  of o t h e r  a reas  s i g n i f i c a n t  t o  t h e  
se loc t ion  of low c o s t  cons t ruc t ion  ma te r i a l s  and t h e  opera t ion  of photo- 
v o l t a i c  modules. The t o p i c s  of t h i s  r epor t  include ( a )  an a n l y s i s  of da ta  
r e s u l t i n g  from experiments with s o i l  r e s i s t a n t  su r f ace  t rea tments ,  (5) a 
cont inuing inves t iga t ion  of  adhesives and primers f o r  durable  bonding of 
module components, ( c )  experiments with t h e  corrosion p ro tec t ion  of n i l d  
steel s u b s t r a t e  candidate ,  and (d)  continued eva lua t ion  of candidate  encap- 
s u l a t i o n  materials under acce le ra t ed  u l t r a v i o l e t  l i g h t  condi t ions  with the  
use of the R5/4 sunlamp exposure chamber. 
JPL 
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I 11. SOILING EXPERIYENTS 
8 .  
The performance of photovol ta ic  modules is  adversely a f f e c t e d  by 
su r face  s o i l i n g  due t o  the decrease i n  t h e  amount of l i g h t  a v a i l a b l e  t o  
the  cel ls .  Generally,  t h e  loss i n  power is l i n e a r l y  proport ional  t o  t h e  
quan t i ty  of soil t h a t  has accumulated on t h e  module sur face .  To minimize 
performances lo ses  caused by s o i l i n g ,  photovol ta ic  modules n o t  only should 
be deployed i n  low-soiling geographical areas, b u t  a l s o  should have su r faces  
t h a t  have a low a f f i n i t y  f o r  s o i l  r e t e n t i c n ,  a maximum s u s c e p t i b i l i t y  t o  
n a t u r a l  c leaning by winds, r a i n ,  and snow; and should be r z a d i l y  c leanable  
by simple and inexpansive maintenance techniques.  The a c t i o n  of s o i l i n g  is  
condidered t o  be a process  of p a r t i c l e  accumulation; n a t u r a l  removal by wind 
and snow: and t h e  a c t i v a t i o n  of chemistr ies  t h a t  result i n  adherance t o  t.ne 
su r face ,  t h u s  r equ i r ing  maintenance techniques. 
documents produced by the  Jet  Propulsion Laboratory(a) .  
of these  s t u d i e s  show t h a t  t h e  r a t e  of so i l  acc-mulat ion i n  t h e  same qeo- 
graph ica l  area i s  material independant and t h a t  r a i n f a l l  funct ions as  a natur-  
a l  c leaning agent. The e f f e c t i v e n e s s  of r a i n  i n  cleaning t h e  su.:ace i s  some- 
what material dependant, however, and some su r faces  c lean much more e a J i l y  
than o the r s .  
The t h e o r e t i c a l  a s p e c t s  of s o i l i n g  have been addressed r e c e n t l y  i n  
The b a s i s  f i nd ings  
The lsveral i  e f f e c t s  af aciling i n  3. n a t a r s l  sn*:irznaent was Teescrec? with 
a series of  p o t t a n t s  and glazing materials t h a t  were placed on t h e  roof of 
Sprinaborn's f a c i l i t i e s  i n  Enf i e ld ,  Connecticut. As may be seen ,  i n  t h e  fo l -  
lowing table I s o i l  accumulation occurred i n  a l l  c a s e s ,  with t h e  s o f t  si1rcor.e 
elastomers beinq the  worst .  
~ -~ 
(a )  Cuddihy, E.F. , "Encapsulation Mater ia ls  St_at%Ls tc: 3ecernber i 9 7 3 "  
LSA ?ro;ect  Task Report 5101-144, J e t  Propulsion Laborat9r:Jl 
Pasadena , S A .  , January 1 5 ,  1380. 
Xoffnan, .1.4., acd Yaa.;, C . R . ,  'Airborn? ParticSJlate 3o i l inq  95  
T e r r e s t r i a l  Photovol tJ ic  Yodules and Cover Water ia ls" ,  Proceedinus 
of t k  - I is t i t ' i te  2f En.'ironmental Sciences,  Ma:/ ?i-14, 1 9 8 3 ;  
P h i l a w l p h i a ,  ?A. ORIGlr.'AL PAGE I5 
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( a )  % Transmission 
Mater ia l  Ccnt ro  1 4 Weeks 8 Weeks 
Pyrex Glass 92 90 90 
Tedlar 100BG30UT 84 72 7 :  
RTV 615 79 65 65 
Sylgard 184 82 81 54 
Soda Lime Glass 87 84 87 
41-2577 74 65 64 
(a)  Direct transmission from 350 NM t o  900 NM 
0 These specimens were placed outdoors a t  a 45 angle  and were evalu- 
a t e d  f o r  s o i l  pick up a f t e r  t h e  four  and e i g h t  week exposure per iod by 
o p t i c a l  transmission measurer-ents. No attempt w a s  made t o  cleL.! t he  spec- 
imens p r i o r  t o  t e s t i n ? .  
The s o f t  su r f aces  of t h e  s i l i c u n e  rubber r e s i n s  accumulated d i r t  
tenaciously,  as expected, and los t  almost 50% of t h e  l i g h t  throughput i n  
one case (Sylgard 184) .  
r e t r i n e d  much less d i r t  bu t  s t i l l  demonstrated losses of a few Gerceit. 
Based on t h e  pos tu l a t ed  mechanisms f o r  s o i l  r e t e n t i o n  or, s u r f a c t s ,  
z e r t a i n  c h a r a c t e r i s t i c s  of  low-soiling su r faces  may be assuned. These are: 
(a) hard ,  (b) smooth, ( c )  l o w  i n  sur face  ene' . y ,  (a) chemically c lean of w a t  
so lyble  s a l t s ,  and (e! chemically c lean of  s t i c k y  materials. I t  is  poss ib l e  
t h a t  c o s t  e f f e c t i v e  coat ings having t h e s e  p r o p e r t i e s  could be appl ied ts s o l a r  
module su r faces  and r e s u l t  i n  low maintenance costs and preser-re t h e  effec-  
t i v e  generation of power from these  devices.  A number of c rnd ida te r  were iden- 
t i f i e l d  and a s c i l i n g  t e s t  Trogran was estaDlisnea ac Sgringborr. L s b c r i t z r i e s ,  
Inc. 
The hard and chemically r e s i s t a n t  g l a s s  specimens 
A Series of specimens f o r  ilhe evaluat ion of s o i l  r e s i s t a n t  su r f ace  t r e a t -  
~ e n t s  xere Freparcd me 5eployed on the  roof of SFrinqborn Laborator ies '  
f a c i l i t i e s  i n  Enf i e ld ,  Connt :?i.:-~t f o r  outdoor exposure. The specimens ccn- 
s i s t e d  of g l a s s  squares G f  3" x 3" dimensions. Some of the c I u a r e s  were " S m -  
adex" low i ron  g13ss, t h e  o t h e r s  were p l a i n  soda-lime g lass  1Jse.i a s  c a r r i e r s  
f o r  polymeric f i l m s  t h a t  had been su r face  t r e a t e d .  These orqaniz f i l m s  were 
he ld  i n  place on t h e  g l a s s  carr iers  with an adhesi.;e. 
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The adhesive used f o r  a t t ach ing  the  f i l m s  i s  h .?or.-curjnq sa lven t  
based pressure s e n s i t i v e  of a c r y l i c  chemist. y This x t e r i a l  i s  produced 
by Uniroyal Chemical Campany and designated Rcyal 36112. I t  has the fea- 
tures of p e e l  s t r eng th  and creep resistance a t  both low a.id i:igh tsmperatures ,  
good adhesion t o  g l a s s ,  clear and highly t r anspa ren t ,  high surface t ack  and 
excel lent  UV r e s i s t a n c e .  This adhesive was used by deposi t ing a t h i n  ! l - 3  
m i l )  l a y e r  on glass, drying i n  an a i r  oven drying i n  a vacuum oven and then 
applying t h e  f i lm  wich a press .  The filns t r ap  very l i t t l e  a i r  with c h i s  
technique and are then t r e a t e d  with t h e  a n t i -  s o i l i n g  coat ing d i r e c t l y .  
The substrates under e x a x i n a t i m  a r e  "Simadex" low i r o n  g l a s s ,  Tedlar 
lOOBGOUT f i l m  (DuPont) and Acrylar X-22417, a b i a x i a l l y  o r i e c t e d  a c r y l i c  f i l m  
produced by 3M Ccrporation. The su r face  t reatments  appl ied t, t hese  sub- 
st rates  zre: 
1. L-1668, a p r o p r e i t a r y  f luo ros i l ane  compound poduced  by 3M C o v o r -  
a t i o n ,  
2. L-1668 following t r e a t r e n t  of t he  su r face  wiLh ozone a c t i v a t i o n  
( f o r  the organic  f i lms  only) , 
3 .  Dow C.2ming P-3820, an ex -e r imen ta l  treatment cons i s t ing  of perf luo-  
rodecanoic a c i d  coupled t o  a s i l a n e ,  
4. t he  5-3820 following surface treatment with ozone t o  c r e a t e  a c t i v e  
sites on t h e  organ;.: polymer f i l m s ,  
5. Glass Resin 650, F .9uced by Owens-Illinois, 
6 ST"-lr390, a s i l i c o n e  m s e d  hardcoat r e s i n  produced by General Elec- 
t r i c ,  and 
7. WL-81 a c r y l i c  r e s i n  produced by €?ohm m d  Haas. 
Ozone t reatments  are not  used with t h e  g l a s s  because no surfGce a c t i v a t i o n  
occurs i n  t h i s  case. 
Specimens of g l a s s  and polymers coated w i t h  t he  l i q u i d  cjlasses developed 
at IC1 /UniJe : s i ty  of Delaware are Is0 included i n  t he  tes t  scheme. These 
include soda-lime giass  and a c r y i i c  panels  coated w i t h  zhromi9m ?hosFiiate, iz:. 
phclsphate m d  t i tsni . im 5icxirie f i ! ~ " . .  
A l l  the  completed spe,:lmens wexe measare? f o r  power t r  ;..smission *:sing a 
s p e c i a l l y  designed s tandar? c e l l  dPyiize, (ficjure 1; . T h i s  insfr7,ment meas:ires 
t h e  drop i n  s h o r t  c i r c u i t  c u r r e n t ,  i , a t  neql igib-e  ymltaqe drop - k e n  t h e  
s o i l i n g  specimen is ?laced between t h e  c e l l  and a l i g h t  source. The deqre:. 
SC 
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of s o i l i n g  i s  assessed as  t h e  reduct ion i n  s h o r t  c i r c u i t  c m r e n t  w i t h  re- 
spec t  t o  the  i n i t i a l  con t ro l  value a t  zero exposure t i m e .  
A second method w a s  a l so  employed i n  the  f i r s t  few months of t e s t i n u .  
T h i s  nethod enployed a LV/visible spect-ometer char nad been nociifiaci LU 
accept  t h e  mounted specinens and measure t h e  t o t a l  i n t eg ra t ed  t ransmission.  
This technique w a s  found t o  r e s u l t  i n  errF.tic val:es due t o  specimen place- 
ment and w a s  subsequently discontinued. 
The s h o r t  c i r c u i t  meamrements f o r  a f i v e  month per iod  of t i m e  a r e  present-  
ed numerically on t a b l e s  1, 2 anc 2A, and graphica l ly  i n  f igu res  2 ,  3 and 4 .  
The last column of tables 1,2 i nd  2 A ,  s h o w s  t h e  t o t a l  S decrease i n  cu r ren t  
determined by t h e  f i f t h  month o r . 1 ~ .  
a t  any t h e  and the  sur faces  used i n  o p t i c a l  measurements a r e  never tocched. 
N o  a t tempt  i s  niade t o  clean t h e  specimens 
Jbserva t ion  of t h e  tables shaws t h a t  a l l  t h e  specimens, regard less  of  type ,  
loose power output  with exposure t i m e  and never r e t u r n  to  o r i g i n a l  value.  
Sunadex decreases  the s tandard c e l l  c c r r e n t  by 3.0%, i n  comparison t o  Acrylar 
22417 film, 5.6% , and Tedlar 100 f i lm  a t  4.7%. The Sunadex is  also t h e  nos t  
e a s i l y  improved by sur face  t reatment .  Sunadex treated w i t h  t hz  L-1668 fltloro- 
silane only decreased shor t  c i r c u i t  cu r ren t  by 0.4% a t  t h e  end of t h e  exposure 
period. The b e s t  values  f o r  t r e a t e d  Acrylar and Tedlar  w e r e  decreases  of 2 .4% 
(WL-81 a c r y l i c  coat ing)  and 1 .5% (perflourodecanoiz ac id  t rea t i ien t )  , respec- 
t i v e l y .  i n  qenera l ,  t he  fluorocarbon based t rea tments  qave t h e  b e s t  per for -  
mance on a inonth t o  month bas i s .  Ozone treatment of t h e  p las t ic  f i l m s  helped t o  
p o v i d e  coupling sites f o r  t h e  fIcorosi lane primers i n  some cases an6 appeared 
t o  degrade t h e  f i lm  i n  o thers .  
The 
._.  fiii2ioct reqazd for the type of t r e a t e d  material and ind iv idua l  d i f f e r -  
rances ,  tne s a r f s c e  t rea t i ien ts  nay be ranked according t d  per fomance  in terms 
of average power loss, as follows: 
Average Loss - Treatment 
E-3820 f luordecanoic ac id  
primer -1.36% 
L-1668 f luoros i lane  -2.5675 
Czone, L-1668 
,3zona, E - j 8 2 C  
WL-S: a c r y l i c  coatir,? 
- 3 . 2  9 
-3 .43% 
31-650 q l a s s  resir, coat -3 .563  
---None--- 
SHC-1000 
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The ion p l a t ed  and " l i q u i d  g l a s s "  coated specimens d id  not  perform 
as w e l l  as the  organic  treatments.  I n  add i t ion ,  these  t reatments  are a l l  
much more expensive. This series of specimens was discontinued. 
Figures 2 through 4 a i i  snow the measured cu r ren t  values f l u c t u a t e  
i n  approximately the  same pa t t e rn .  This is found t o  c o r r e l a t e  w e l l  with 
t h e  p a t t e r n  of r a i n f a l l ,  f i gu re  5 ,  and t h a t  t h e  specimens recover some of 
t h e i r  o p t i c a l  t ransmission from the  cleaning e f f e c t s  of heavy r a in .  
I n  conclusion, t h e  r e s u l t s  of f i v e  months of  outdoor exposure demon- 
s t ra te  t h a t  (a )  Sunadex g l a s s  has t h e  most s o i l  r e s i s t a n t  sur face  of the  
materials examined (5) the best t reatment  f o r  Sunadex is the  L-1668 f luoro- 
s i l a n e ,  (c) t h e  b e s t  t reatment  f o r  t h e  ' red la r  100 BG30UT f i lm  is E-3820, 
(d )  t h e  b e s t  coat ing f o r  t h e  Acrylar f i lm  to  da te  i s  WL-81 coating. 
These specimens w i l l  be examined a t  monthly i n t e r v a l s  €or t h e  next 
year  and any o t h e r  carididate t reatments  t h a t  appear promising will be in- 
cluded i n  the  exposure series. 
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Springborn Laborator ies ,  Inc. has conducted extensive sur-feys 
i n t o  ma+eri=lc  C,zt zo j  ;e !:=.e7 as cos t - e f f ec t ive  s u b s t r a t e s  f o r  
photovol ta ic  modules . The re, Its of these silrveys suggest t h a t  t h e  
loa.' bear ing element, e i t h e r  s u b s t r a t e  o r  supe r s t r a t e  w i l l  be t h e  most 
expensive s i n g l e  component i n  the  encapsulat ion package. Given t h e  
ove ra l l  encapsulat ion cos t  goa l  of $14.00/m2 (1980 d o l l a r s ) ,  t he  load 
bearing element may amount t o  as much as 50% o f  t h e  c o s t ,  or up t o  $7.00/  
2 
m .  
(a) 
Surveys have i d e n t i f i e d  s o t e n t i a l  construct ion ma te r i a l s  on the  
bas i s  of t he  f l e x u r a l  s t r eng th  required t o  meet tne  loa3  de f l ec t ion  
spec i f i ca t ions  and the cos t  of t h e  material a t  the  required th ickcess .  
The mater ia l s  i d e n t i f i e d  t o  da t e  a r e  as follows: 
Camlidate Material Esiimated Cost 
2 2 -S/f t  S/m 
Hardboards (Masonite , "Super-Dorlux" , 
Ukiah Standard Hardboard) 0.14 1 . 5 2  
Strandboard (Potlatch-under develop- 
ment) 0.17 1-80 
Glass-reinforced concrete(MBA 
Associates 1 0.60 6.50 
Mild s teel  ( 2 8  gauge) 0.15 1.67 
(base c o s t  appx. 1C per  sq. f t .  
per  m i l  of thickness)  
Mild steel i s  the  least  expensivemetallicinatfsrial found t o  da t e  
ana o f f e r s  the advantage Df  a a s i l y  shaped i n t o  str.;ctxrcs 3 a t  have 
i n t e g r a l  s t i f f e n i n g  r i b s  incorporated i n t o  t h e  manufactures s t r u c t u r e .  
The s t i f f e n i n g  r i b s  may permit t he  reduction cf panel weight and thick-  
ness i n  order  t o  meet t h e  de f l ec t ion  load spec i f i ca t ions  and add i t iona l ly  
resill t i n  a cos t  optimized s t r i lc ture .  
( a )  Willis, P .  and Baum, 9., Inves t iqa t ion  of the  T e s t  Xethods, > l a t e r i a l  
Pro?er t ies  and Processes fo r  Solar  C e l l  Encapsulants,  Annual ReForts 
I1 and I11 t o  Jet  Propulsion Laborator ies ,  Eontract 95.1527, J u l y  1976 
and Ju ly  1979 
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The d i f f i c u l t y  with the use of  mild steel is i ts  inherent  cor ros ion  
Modules deployed outdoors without some pro tec t ion  provided s e n s i t i v i t y .  
for the stee1,will probably not  last the twenty year  period w i t h b J t  r u s t ,  
r e s u l t i n g  i n  delamination of the encapsulated c e l l  s t r i n g s  from the sur- 
face and pcssible mechanical d e t e r i o r a t i o n  of  the steel s t r u c t u r e  itself. 
The so lu t ion  t o  t h e  corrosion problem depends on the form the cor ros ion  
takes.  The forms of corrosion found i n  metals are (a) uniform attack 
over the exposed su r face ,  (b) ga lvanic  corrosion between two d i s s i m i l a r  
metals, (c) c rev ice  corrosion i n  loca l i zed  shielded areas, (d) p i t t i n g  
corrosion and the formation of c a v i t i e s ,  (e) in t e rg ranua la r  cor ros ion  a t  
the metal g r a i n  boundries, ( f )  s e l e c t i v e  leaching of metals from a l l o y s ,  
(9) e r ros ion  from moving s o l i d s / f l u i d s  and, (h) stress cor ros ion  caused 
by t h e  presence of a tensile stress and a corroding medium simultan- 
eously. 
steel exposed t o  an outdoor environment. 
Probably s e v e r a l  of these mechanisms would come i n t o  a c t i o n  i n  
The application of p ro tec t ive  coatings is t h e  easiest and most ob- 
vious way of prevent ing the corrosion chemistry from occurr ing.  
form a barrier between the metal and i ts  environment and isolate it from 
the electrolytes that are requi red  for any of the cor ros ion  mechanisms t o  
occur. A good p ro tec t ive  coa t ing  must resist a c i d s ,  alkalis, salts 
moisture, u l a a v i o l e t  l i g h t  and have good adherence t o  metal su r face  f o r  
which it is intended. 
Coatings 
Coatings may be divided i n t o  t h r e e  groups; me ta l l i c  , inorganic ,  
and organic. 
Metallic coa t ings  include metal spraying,  c ladding,  hot-dip coat- 
ings  and e l e c t r o p l a t i n g .  The least expensive metallic coa t ings  is 
hot-dip glavanizing w i t h  a cos t  increment of  about 20% over p l a i n  cold 
r o l l e d  mild steel. Aluminum clad r o l l e d  steel is a l s o  available , how- 
ever  it is almost twice as expensive ( v a r i e s  with grade and manufact .rer). 
Inorganic coat ing r e f e r s  b a s i c a l l y  t o  po rce l a in i za t ion  - a process  
of applying a g l a s s  frit t o  the su r face  of t he  steel and then f i r i n g  
u n t i l  the  g l a s s  fuses  t o  the sur face .  T h i s  approach works well i n  terns 
of corrosion p o t e c t i o n ,  however it is s e n s i t i v e  t o  mechanical f l ex inu  
and is also expensive. The steel sheet t h a t  is  s u i t a b l e  f o r  porce la in  
enameling c o s t s  about 15% more than m i l d  steel and t h e  enameling process  
itself adds, perhaps an add i t iona l  50% t o  the  o v e r a l l  cos t .  
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Due t o  the  ease of use, t he  a b i l i t y  t o  coat complex geometries, and 
cost  t s n e f i t s ,  our  approach to  the  corrosion problem has emphasized the 
use of organic coatings. Several  approaches are under consideration. The 
p o s s i b i l i t i e s  include (a) encapsulation of the e n t i r e  steel substrate w i t h  
the weatherable pot tan t  compound, (b) lamination with an occulusive f o i l  
(1.e. aluminum f o i l )  and the use of a hot  m e l t  adhesive, ( c )  lamination 
with organic f i lms,  such as pigmented polyester ,  and (d) combinations of 
these techniques. The goal is  t o  systematically iden t i fy ,  assess and cos t  
ou t  candidate coating systems tha t  can meet the twenty year l i fe  c r i t e r i o n  
a t  the lowest possible cost. The following scheme is proposed: 
Corrosion Protection Scheme 
MILD STEEL SHEET 
( 2 8  Gauge) 
SURFACETREATMENT 1 
BONDERITE SILANE 
ZINC PHOSPHATE PRfMER 
WASH ZINC CHROMATE 
PRINER PRIMER 
Bake cycle N o  bake 
1 I 
I 
I I I I FLUORO- 
POLYMER 
i LATEX 
ACRYLIC EVA SILICONE s I LICONE 
A9918 (AUTOMOTIVE) 
I I 
I 
Bake cycle D r v  cycle 
I \ 
I 
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The type of coatings t h a t  are expected to  f i t  i n to  t h i s  scheme 
employed for durable are the  automotive and the  maintenance coatings 
s iding on buildings. A b r i e f  list of p o s s i b i l i t i e s  follows: 
coa t ingsa 
b. Cost, Bosh Sides 
C / f t  
Polyvinylidene Fluoride (P r imer  + Enamel) 
PPG Indus t r ies ,  10 years outdoor t o  da te  
S i l icone/po l y e s  ter 
Dexter-Midland, prototypes t o  20 years 
Polyester 
Dexter-Midland, SO-10 years outdoors 
Acrylic coat ing 
PPG Indus t r ies ,  S years outdoors 
Polyester (Compliance C o a t )  
Dexter-Midland, 5 years outdoors 
Acrylic Emulsion Coating 
Dexter-Midland, 5 years (extrapolated)  
Polyester Powder Coating 
Dexter-Midland 
11.2 
5.4 
4.0 
4 . 0  
4.0 
5 . 2  
5 .6  
"Bonderite" P r i m e r  t rea ted  conversion coating; t o  0.2 
be applied p r i o r  t o  coating 
To date ,  a number of corrosion test specimens have been prepared 
with a var ie ty  of coatings and evaluated for  performance i n  outdoor 
exposure and indoor heated salt spray (ASTM B-117) tests. 
are based on adhesive/film combinations and also some maintenance coat- 
ings. The r e s u l t s  of these tests i s  given i n  Tables 3 and 4.  Thr, key 
for  these tables is given i n  Table 5. 
These coatings 
a. Recommended by i n d u s t r i a l  consul tant ,  M r .  M i l t  Glaser,  
f o n e r  Vice-?resident 3f Dexter - Yidland Company. 
b. The p r i ces  shown a re  for f inished product cos t ,  i . e . ,  RMC and 
labor costs .  
JPL  6072.1 
The s a l t  spray condi t ion  is conducted i n  a c losed chamber a t  35OC 
with a cont inua l  spray of 5% salt s o l u t i o n  sprayed on the  test  specimens. 
This condi t ion is wide ly  used i n  t h e  p l a s t i c s  and coa t ings  i n d u s t r i e s  
f o r  t h e  assessment of p r o t e c t i v e  coa t ings ,  bu t  is recognized as being a 
severe test. Very o f t e n ,  t h e  l i f e t i m e  of test specimens is measured i n  
hours. Th's may be seen i n  t h e  case of t h e  m i l d  steel con t ro l  (Tab le  3 1 ,  
i n  which ex tens ive  corrosion is observed a f t e r  only 3 hours exposure. 
All t h e  tests specimens prepared f o r  t h i s  experiment were sealed 
around the edges with bu ty l  rubber s e a l a n t  t ape  (3M Corporation No. 5354) 
and an EPDM rubber gasket to  form a water t i g h t  seal. 
The first specimens t o  show a s igns  of a t t a c k  used A c r y l a r  a c r y l i c  
f i l m ,  Scotchpar po lyes t e r  and aluminum f o i l  glued t o  tke  steel with an 
a c r y l i c  pressure  s e n s i t i v e  adhesive,  number 491C (3M Corporat ion) .  These 
specimens gave ind ica t ions  of change a f t e r  200 hours of exposure. 
coa t ings  a l l  l a s t e d  f o r  a t  least 500 hours before  any change w a s  no t iced ,  
s t i l l  few were found t o  be e f f e c t i v e .  Specimens prepared with Korad, Stain-  
less steel, Tedlar and EVA (primed) coa t ings  a l l  showed s u f f i c i e n t  a t t a c k  
that  they were removed a t  or  before  t h e  2,500 hour nark. 
The o the r  
A few of t h e  candidate  systems have survived with no s igns  of de te r -  
i o ra t ion .  The b e s t ,  t o  d a t e ,  is a combination of Scotchpar 20CP white  
picpented po lyes t e r  f i lm  t h a t  is bonded t o  t h e  steel with EVA 9918 and t h e  
appropr ia te  primers a t  t h e  in t e r f aces .  
hours with no no t i cab le  change. The o the r  coa t ings  t h a t  are performing w e l l  
are EVA 9918 compression molded t o  the  s t e e l  with t h e  use of a z inc  chromate 
modified s i l a n e  pr imer ,  and a commercial f lurorcarbon based topcoat  from PPG 
Indus t r i e s ,  P i t t sburgh ,  ?a. with its recommended epoxy primer. These two have 
both  reached t h e  2,000 hour mark with no s ign  of d e t e r i o r a t i o n .  
This  specimen has endured 2,500 
Other coat inqs  under test include an a c r y l i c  based automotive enamel and 
a s i l i c o n e  modified alkyd pa in t .  Both are surv iv ing  without change, however 
they have not  reached the  1,500 hour mark y e t .  
t h e  exposure per iod will be continued u n t i l  d e t e r i o r a t i o n  does occur and new 
materials w i l l  be brought i n t o  t e s t  a s  they a r e  i d e n t i f i e d .  
The specimens t h a t  survive 
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18. 
The outdoor aging exposure(Tab1e 4)  i s  not nea r ly  a s  severe as t h e  
salt spray condi t ion ,  however t h e  r e s u l t s  c o r r e l a t e d  f a i r l y  w e l l  be- 
tween t h e  two condi t ions.  Every specimen t h a t  showed no s i g n s  of attack 
under salt fog also showed no d e t e r i o r a t i o n  under outdoor weathering, and 
m o s t  of t h e  specimens t h a t  d i d  show signs of change i n  salt fog a l s o  
changed in outdoor condi t ions ,  although t o  a lesser deqree. 
cep t ions  were found; aluminum f o i l ,  Acraitite and Tedlar 200 BS30 White. 
Spechens  prepared with these  f i lms  were destroyed i n  sa l t  spray but  sur-  
vived the 2,500 hour outdoor per iod k i t h  no e f f e c t .  The c o n t r o l  resulted 
i n  a l i g h t  l aye r  of cor ros ion  wi th in  the f i r s t  200 hours and rusted badly 
with 500 hours. 
Three ex- 
As with t h e  sa l t  spray condi t ion ,  t h e  specimens w i l l  be exposed u n t i l  
d e t e r i o r a t i o n  becomes severe  and new coat ing candidates w i l l  be added 
a cont inuing basis. 
previously ou t l ined  is  i n  progress  and w i l l  be presented i n  a subsequent 
report. 
on 
A complete economic a n a l y s i s  based on t h e  flow c h a r t  
i9. 
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V. PRIMERS AND ADHESIVES 
Adhesives, primers o r  some o t h e r  mechanism are necessary f o r  t h e  high 
r e l i a b i l i t y  bonding of  t'le assembly components t o  one another  i n  o r d e r  to  
in su re  t h e  s t r u c t u r a l  iI,:=grity and long l i f e  performance o f  the module. The 
adhesion between t h e  p o t t a n t  and o t h e r  components, i.e., substrate, super- 
strate and o u t e r  cover, w a s  i nves t iga t ed  i n  t h e  p a s t  q u a r t e r  and some en- 
couraging r e s u l t s  were obta ined  wi th  t h e  use of primers. 
A primer opera tes  by c r e a t i n g  a reactive chemical i n t e r f a c e  between 
two components, whereas an adhesive is a discreet compound t h a t  c o n s t i t u t e s  
a sepa ra t e  phase t o  which the t w o  o t h e r  components may bond. P r i m e r s  have 
been emphasized i n  t h e  bonding s t u d i e s  due to  a number of advantages they 
p resen t  i n  use. Primers are (a)  used i n  excedingly small q u a n t i t i e s ,  (b)  
are cost effective, are (c) e a s i l y  app l i ed  t o  su r faces ,  (d)  func t ion  by t h e  
formation of high s t r e n g t h  chemical bonds, and (e) may poss ib ly  be combined 
into t h e  p o t t a n t  systems to  e l imina te  t ~ i  priming ster 
Tables  6 and 7 show t h e  r e s u l t s  of adhesion bond s t r eng th  eva lua t ions  o f  
ma te r i a l s  and primers inves t iga t ed  to  date. 
i n  a manner similar t o  t h a t  which would be encountered i n  a c t u a l  module f ab r i -  
cat ion.  A l l  s ubs t r a t e / supe r s t r a t e  specimens w e r e  evaluated by ASTM method 
-903 for the p e e l  or  s t r i p p i n g  s t r e n g t h  of laminates ,  i n  which t h e  polymer 
l a y e r  is pu l l ed  back o f f  t h e  substrate a t  a 180 degree angie. For f l e x i b l e  
specimens, such as polymer bonded o u t e r  cover ma te r i a l s ,  ASTM method D-1867 
("T"-Peel) was employed. A l l  values  are repor ted  as pounds of stress p e r  inch 
of width o f  bond l i n e .  Specimens shcwing high con t ro l  values  were f u r t h e r  
tested a f t e r  water immersion f o r  two weeks and exposure to  b o i l i n g  water f o r  
per iods  o f  t w o  hours. 
The test specimens were prepared 
The tables record the  measured stress values  a t  break, and are shown 
as sepa ra t e  tables f o r  each of  t h e  p o t t a n t s ;  EVA, EMA, polyarethane and bu ty l  
ac ry la t e .  
Primers t h a t  are effective f o r  bonding EVA t o  almost a l l  t h e  o t h e r  candi- 
d a t e  su r faces  have been i d e n t i f i e d ,  a s  may be seen o n  t h e  char t .  One extreme- 
l y  use fu l  primer has r ecen t ly  been i d e n t i f i e d  and added to  t h e  l i s t .  This  
primer is e f f e c t i v e  f o r  bonding EVA t o  po lyes t e r  f i lm,  one of  t h e  most 
d i f f i c u l t  su r f aces  t o  prime. This  primer,  which was developed a t  Dow Corning, 
is a s i h n e  modified melamine compound which is thought t o  bond by forminu an 
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i n t e rpene t r a t ing  polymer network as w e l l  as chemical bonds. The ingredien ts  
o f  this formulation, designated 14719 (Springborn Number) ,are as fol lows:  
Parts 
Dow Corning 2-6040 
(glycidoxypropyl trimethoxy s i l a n e )  1.25 
Monsanto "Resimene 740" 
(melamine/formaldehyde r e s i n )  23.75 
Isopropanol,  anhydrous so lvent  75.00 
100.00 
The above mixture may be f u r t h e r  d i l u t e d  with more so lven t ,  i f  desired.  
The mixture should be kept  t i g h t l y  c losed and f r e e  o f  moisture and water 
contamination, This primer r f s u l t s  ir, extremely high s t r e n g t h  bonds when 
appl ied  t o  po lyes t e r  f i l m  with subsequefi- lamination and cur ing  with EVA. 
Scotchpar 20CP white  po lyes t e r  f i lm,  a s u b s t r a t e  back cover candidate ,  w a s  
swabbed with t h e  mixture, allowed t o  dry f o r  10 minutes a t  room temperature 
and then compression molded with EVA 9918 a t  15OoC f o r  1 5  minutes. 
specimens gave peel s t r eng ths  o f  39 pounds p e r  inch of width and survived 
two hours of b o i l i n g  water wi th  a bond s t r e n g t h  o f  twenty pounds per  inch. 
The test 
Despite t h e  s i m i l a r i t i e s  i n  c u r e  chemistry,  EMA is much more d i f f i c u l t  
to bond then the  EVA. Pr imer  formulations e f f e c t i v e  with EVA are sometimes 
only marginally usefu l  with t h e  EMA.TO date t h e  only primer t h a t  has given 
good r e s u l t s  with t h i s  p o t t a n t  i s  A11861, which gave excellent s t r eng th  t o  
Sunadex glass and gocd performance with mild steel. 
A number o f  new primers were evaluated f o r  t he  adhesive bonding of t h e  
a l i p h a t i c  urethane and t h e  bu ty l  acry1.ate !EA) SYl-LP P o t t m t s .  Neither Of  t hese  
po t t an t s  have any meesurable bond s t r e n g t h  t o  unprimed surfaces .  Z6032W 
primer was e f f e c t i v e  with the  b u t y l  a c r y l a t e  system and Tedlar  f i lm  bu t  only 
marginally e f f e c t i v e  with o t h e r  sur faces  such as polyes te r  o r  Korad a c r y l i c  
film. These materials may requi re  sur face  a c t i v a t i o n  o r  a d i f f e r e n t  primer 
system. A recommendation from Dow Corning r e s u l t e d  i n  an exce l l en t  primer 
f o r  bonding the  OA S o t t a n t  t o  g lass .  T h i s  primer,  Sprinqborr, number 14598,  
c o n s i s t s  of Dow Corning 2-6020 cross l inked  with a small amount of  e t h y l  s i l i c a t e  
t o  hold it t o  t h e  g l a s s  surface.  This primer appears t o  work w e l l  and gives  
cohesive f a i l u r e  t o  g l a s s ,  even a f t e r  two weeks water immersion. Exposure 
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t o  two hours of boi l ing water gives a bond s t rength  of 1.4 lbs .  per inch 
of width, o r  about half  the  cohesive break strength.  The bond s t rength  of the  
buty l  acry la te  specimens is limited by the low t e n s i l e  s t rength  of the  
polymer, which appears t o  be approximately 3 lbs.per inch width i n  optimally 
bonded specimens. 
The most recent prototype urethane formulation from Developmmt Associ- 
ates, 2-2591, w a s  csed w i t h  Dow Corning 2-6020 primer w i t h  a var i e ty  of SUI- 
faces.  
l e n t  bonds resu l ted  with Sunadex l o w  i ron  glass. 
per inch of width were measured a f t e r  the three conditions of con t ro l ,  bo i l ing  
water immersion and rOOm temperature water immersion. 
has also recent ly  supplied us with their own proprietary compositions, one 
a i r  dry and one bake primer. 
t ive .  
Marginal bond s t rengths  were found w i t h  Korad and Tedlar but  excel- 
Values i n  excess of 30 lbs .  
Development assoc ia tes  
These formulations were not found t o  be effec- 
The iden t i f i ca t ion  of primers and/or adhesives for t h e  high r e l i a b i l i t y  
of module components w i l l  continue u n t i l  a recommendation can be made for  
each in te r face .  
outdoor exposures t o  determine the long term weathering e f f e c t s  on bond s t a b i l i t y .  
Adhesion specimens w i l l  also be evaluated i n  a program of 
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V I .  RS/4 ACELLERATED AGING 
22. 
The degradation of polymeric ma te r i a l s  i n  outdoor weathering is caused 
pr imar i ly  by sun l igh t ,  e s p e c i a l l y  t h e  u l t r a v i o l e t  component. I n  a c t u a l i t y ,  
t h e  d e t e r i o r a t i n g  e f f e c t  of l i g h t  is  usua l ly  enhanced by t h e  presence of 
oxygen, mositure,  hea t ,  abras ion ,  e t c .  and i n  many cases may be r e f e r r e d  
t o  as photoxidation, r e s u l t i n g  from t h e  combined e f f e c t s  of oxygen and 
sunl ight .  
Sunl ight  reaching t h e  e a r t h  is f i l t e r e d  through t h e  atmosphere, removing 
s h o r t e r  wavelengths up t o  290 nm before  it reaches t h e  su r face  of t he  ea r th .  
Thus u l t r a v i o l e t  e f f e c t s  on p l a s t i c  result  p r i m u i l y  from wavelengths of 
approximately 290-400 nm, which c o n s t i t u t e  approximately 5 percenL of t h e  
t o t a l  s o l a r  r a d i a t i o n  reaching t h e  e a r t h .  
The lower t h e  wavelength of l i g h t ,  t he  g r e a t e r  is  its p o t e n t i a l  t o  pro- 
duce a chemical change i n  material. 
ever.  
but  f ew a r e  completely t ransparent  i n  the  290 to  400 nm range. 
d i a n t  energy has been absorbed, t h e  l ike l ihood of chemical ac t ion  w i l l  depend 
on the  degree of absorpt ion and t h e  s t a b i l i t y  of t he  chemical bonds i n  t h e  
polymer. The inducad chemical modif icat ions a r e  responsible  f o r  t h e  de t e r io -  
r a t i o n  of o p t i c a l  and mechanical p rope r t i e s  and usua l ly  r e s u l t  i n  reduct ions  
of tensile s t r eng th  , elongat ion and transparency. 
This energy must f i r s t  be absorbed, how- 
Plastics vary coi,Siderably i n  t h e i r  u l t r a v i o l e t  absorbing p r o p e r t i e s ,  
Once t h e  ra- 
These degradat ive e f f e c t s  may be simulated i n  t h e  labora tory  and acce l -  
e r a t ed  t o  y i e l d  approximate p red ic t ions  about long-term behavior from shor t -  
term t e s t i n g .  A number of devices  are commercially a v a i l a b l e  f o r  'shis type 
of t e s t i n g  and include equipment such a s  "WeatherOmeter" , "Fad+?orneter", QW, 
e t c .  One of the  more popular i nd simple devices is the  RS/4 exposure chamber. 
This device is a modif icat ion of s tandard test procedure ASTM D-1501, "Ex,,osure 
of P l a s t i c s  t o  Fluorescent Sunlamp", and is widely used throughout t h e  p l a s t i c s  
and o ther  i n d u s t r i e s  f o r  t h e  purpose of acce lera ted  weathering. I n  t h i s  device 
t e s t  specimens a r e  mounted on a t u rn t ab le  t h a t  r o t a t e s  beneath a f luo rescen t  
S W A ~ P  (General E l e c t r i c  RS/4 Type) i n  a c losed chamber thennostated t o  a 
temperature of 50 C.  
quantit9:ively. 
3 The s p e c t r a l  outpiit of these lamps has been det@rmined 
(a) 
(a )  Estey,  Roger S., "Measurement of Carbon Arc and Sunlamp Sources at Dow 
Corning and springborn Laborator ies"  Jet Propulsion Laboratory IOM 
341-78-43, 341-78-4363. 
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The specimens are removed f o r  t e s t i n g  a t  appropr ia te  i n t e r v a l s  based 
on the  degradation rate of  t h e  mater ia l  under examination. 
of determining the  r e l a t i v e  s t a b i l i t y  of po t t an t  and ou te r  cover formulat ions,  
a schedule of 2 onths ,  4 months and 8 months was used (1440,2880,and 5760 
hours) .  
For  t h e  purpose 
As a poin t  of comparison, uns t ab i l i zed  polypropylene i s  phys ica l ly  de- 
graded a f t e r  approximately 160 hours and uns tab i l ized  l o w  dens i ty  polyethyl-  
ene is degraded a f t e r  approximately 450 hours of exposure. Cutd2ors, t ha  
degradation rates of these  polymers v a r i e s  according t o  t h e i r  loca t ion .  A t  
Enfield,  Connecticut, polypropylene w i t h  no s t a b i l i z e r s  degrades t o  br5,ttle- 
ness  i n  approximately 8 months (5,700 hours) and low dens i ty  polyetl  a 
f a i l s  a t  about 18 months (12,000 hours) .  Areas where t h e  sun l igh t  - -0 iq- 
tense,and there  are fewer cloudy days , r e su l t s  i n  more rap id  degradati..:l. 
posure t o  higher temperatures is also s i g n i f i c a n t ;  t h e  degradation rate i n  
polvpropylene is almost doubled f o r  every 10°c increase  i n  temperature.  
Ex- 
Due t o  the dependance va r i a t ions  i n  temperature and l i g h t  exposure t h e  
de t e r io ra t ion  of p l a s t i c s  is  also loca t ion  dependant. Exposures i n  Mexico 
c i t y ( a )  have been found t o  be about twice t h a t  of t h e  Enfield loca t ion .  
Based on these  a c t u a l  outdoor l i f e t i m e s ,  approximate c o r r e l a t i o n  f a c t o r s  
can be ca lcu la ted  for Rs/4 t o  outdoor weathering. In comparing RS/4 t o  Mexico 
Ci ty ,  f o r  polypropylene the acce le ra t ion  f ac to r  i s  approximately x18 and for 
polyethylene approximately x13. Although these acce le ra t ion  f a c t o r s  provide 
a usefu l  b a s i s  of c o c a r i s o n ,  it should be remembered t h a t  considerable  var ia -  
t i o n s  may be found between d i f f e r e n t  outdcor loca t ions  and/or simulated weather- 
ing condit'.ons. Factors  a f f e c t i n g  t h e  degradation rates include specimen th ick-  
ness ,  s p e c t r a l  d i s t r i b u t i o n ,  heat h i s t o r y ,  add i t ives ,  temperature,  polymeriza- 
t i o n  c a t a l y s t  impurities, etc. 
During the past two years ,  a continuing series - f  specimens have been 
placed under RS/4 acce lera ted  exposure, and evaluated f o r  mechanical or  o p t i c a l  
p rope r t i e s ,  o r  both, after completion of t h e  exposure i n t e r v a l s  ind ica ted .  The 
specimens under exposure have cons is ted  of va r i a t ions  i n  EVA formulations t o  
determine t h e  e f f e c t s  of add i t ives  
ou te r  cover f i l m s ,  polyurethane and EMA p o t t a n t s ,  and an experiment w i t h  pro- 
t e c t i v e  absorbing films over polypropylene , and specimens of opaque back cover 
(a) Springborn Laboratories information r e s u l t i n g  from a program concerning t h e  
on t h e  s t a b i l i t y ,  samples of Korad and Tedlar 
Weathering Degradation of Polyolef ins .  
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candidates.  
8, i n  tSe appencix. 
The r e s u l t s  of t he  most recent  eva lua t ions  a r e  given i n  *.able 
The candidate  po t t an t  compounds are reviewed .st. The EVA fornula- 
t i o n  t h a t  is now commercially ava i l ab le ,  niunber A9918 (Spri.ngborn Formula), 
is surviving extremely w e l l .  Af te r  27,000 hours of exposure the  c u e 9  pot- 
tant  specimen shows v i r t u a l l y  no s ' j n s  of change. The mwjianipal and o p t i c a l  
p rope r t i e s  are almost i d e n t i c a l  t o  con t ro l  values  and t h e  phys ica l  appkarance 
has been a l t e r e d  only by t h e  accumulation of a u s t  on the  sur face  whi,ri r e s u l t s  
i n  haze. The EVA Formulation i n  which t h e  W s t a b i l i z e r  (Cyasorb-UU-531) was 
replaced by a chemically reacted s tabi l izer  (;-Vinyl t i nuv in )  i s  a l s o  sur-  
viving w e l l ,  however a snall drop of elongiction and t e n s i l e  s t r eng th  is ob- 
servable  a t  the  8,600 hour exposure poin t .  
were evaluated. The na tu ra l  uncompounded r e s i n ,  EjA 2205, endared 8,EOO 
hours of exposure but  l o s t  85% of its elongat ion and w a s  consequant:-r removed 
from f u r t h e r  t e s t i n g .  
q u i t e  high s t a b i l i t y  f o r  an uncompounded polyolef in .  The f u l l y  formulated 
specimens, d i f f e r i n g  only by s e l e c t i o n  of peroxide curing agent (11877 and 
134391, have survived 10,000 and 6,000 hours of exposure, r e spec t ive ly ,  and 
show no change i n  p rope r t i e s  . 
A series of t h r e e  EMA formulations 
This e f f e c t  w a s  c o t  su rp r i s ing  and a c t u a l l y  i n d i c a t e s  
The t w o  cas t ing  syrup candidates  a r e  a l s o  under exposure t o  de tenr ine  
t h e i r  r e l a t i v e  l i g h t  s t a b i l i t y .  Two formulatiotls of bu ty l  a c r y l a t e ,  (cured 
tensi le  and o p t i c a l  test specimens) were examined, one cured with i n i t i a t o r  
alone and the  o the r  cured and formulated with s t a b i l i z i n g  agents.  
mens have survived 8,60r\ hours and 5,700 hours,  r e spec t ive ly ,  with no s igns  
of degradation. The inherent ly  high s t a b i l i t y  of t h i s  polymer is obvious from 
the  absence of change i n  t h e  uns tab i l ized  formulation. The su r face  t ex tu re  ot 
both these  formulations i s  n a t u r a l l y  tacky and i s  not  i n d i c a t i v e  of sur face  
degradation. 
The speci-  
Two :=arbdidate a l iphat i :  .xet!!anes from Development Associates ,  I n c . ,  
North Kingstown, mode Is land ,  were included as cast and cured t e n s i l e  bare .  
These mater ia l s  contain a p ropr i e t a ry  s t a b i l i z a t i o n  system and are claimed 
t o  have good outdoor l i f e .  Both ;how a s l i g h t  increase  i n  :ensile s t r eng th  
with time, probably due t o  r e s idua l  cur ing reac t ions .  The earlier formu- 
l a t i o n  has survived 6,000 hours with the  formation of 3 small  amount of haze,  
bc t  no d e t s r i o r a t i o n  of o ther  p rope r t i e s .  
an uncovered and -anpigmented conventional urethane, most of which degrade with- 
i n  the  f i r s t  1.,000 hours. 
This is  very good performanze €or 
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Three back cover f i l m s  are d e r  exposure; Scotchpar 20CP-whiter a 
pigment& polyester;  Ted la r  200BS30W, a pigmented poly(vl1yl  f luoride)  film; 
and Korad 63000, a white pigmented ac ry l i c  multipolymer.  Each of these films 
has survived 4,300 hours of exposure with 30 observable s igns of degradation. 
Lastly,  f i ve  transparent ou ter  cover f i lm candidates f o r  the substrate 
The most cost e f f ec t ive  of these candi- design module are being evaluated. 
dates is A c r y l a r  f i lm ( X-22417) from 3H Corporation, (2.25C/ft / m i l  of 
thickness) and is a b iax ia l ly  oriented ac ry l i c  f i lm intended for outdoor 
applications.  
exposure with no major change i n  propert ies ,  except 9 decrease i n  s t rength  a t  
break. A drop i n  t e n s i l e  s t rength to  50% of cont ro l  value was observed a f t e r  
the  f i r s t  1,SOC nours, but this is thought to  be due to stress re laxa t ion  
of the polymer -: +he exposure temperature (50  C )  and not have a bearing on 
the f i n a l  performance of the  polymer. The ot!!er candidates are types of 
Tedlar, with the exception of Fluorex, which is an acrylic/fluorocarbon blend. 
Tedlar 100BG30UT (cost appx. SC/ft / m i l :  r the  current  choice of outer cover 
(Springborn Laboratories),  is performing very well and has survived i0,OOO 
hours to date with no loss of propert ies .  
energy grade, and OSVT - containing chemically reacted 5-vinyl t inuvin stabil- 
i ze r ,  are experimental materials w i t h  the po ten t i a l  f o r  long l i f e .  
type is not performing wall and is showing a loss of both t e n s i l e  s t rength  
and elo.,gation over the 8,600 hour test  period. 
conf l ic t ing  data p o i n t s ,  b u t  generally appears to  be i n  good condition. 
L 
To date, this film has been exposed to  12,000 h m r s  of S i 4  
0 
2 
The other  Tedlars, 4662 - a solar 
The 05W 
The 4662 grade has given some 
Rs/4 has proven to  be a useful tool for determination of t h e  r e l a t i v e  
stabilities of plymeric materials and assessing the ef f ic iency  of stabi1izir .g 
addi t ives  and other  compounding approaches. The sI5cimens cur ren t ly  under test 
d i l l  continue uti; signs of degradation become apparent and new comFou?ds will 
be added as new candidates and fcrmulations are ident i f ied .  
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TABLE 1 
Soi l ing Experiments 
Five Month Exposure Results: Change in Short Circuit Current, I s c  
Treatment 
None 
Acrylar 22417 On Glass 
~ 
Legend: 0 = control value before exposure; referenced to stanbrs :e11 
1-5 = nunher on months exposure; % of originai  short c i rcu i t  
current 
A = % change in I sc 
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Treatment 
TABLE 2 
Soiling Experiments 
% I Tedlar 100 BG30UT on Glass sc 
0 1 
A-2 
I 
None 87.7 
L-1668 88.4 
Five Month Exposure Etesults: change in short c ircui t  current, Is= 
85.3 
86.9 
2 i  3 
Ozone, Then 
L-1668 
E-3820 
Ozone, Then 
E-363 
01-650 Glass 
Resin 
SHC- 1000 
WL-81 R o b  & H a a s  
W-615 Silicone 
c 
84.8 I 86.8 
88.1 87.4 
86.0 86.5 
86.0 82.8 
89.0 86.3 
89.0 86.5 
87.1 
88.5 
87.3 1 86.2 
I 
86.6 85.6 
85.3 85.6 
85.2 84.7 
-3.8 
-2.8 
-1.5 
84.8 I 84.7 
86.4 
85.1 1 84.4 - 
85.7 -3.7 
1: 1 82.6 I -3.9 1 
85.0 -4.5 
84.7 1 84.6 I -3.5 
I 83.1 I 32.1 1 -7.2 
Leqend: 0 = control value before exposure; referenced to standard cel l  
1-5 
A 
= number on months exposure; % of original short c ircui t  
= % change i n  Isc 
current 
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TABLE 5 
Corrosion Experiments 
Specimen Condition 
I. No observable change 
11. Some s i g n s  of d e t e r i o r a t i o n  
111. Noticable d e t e r i o r a t i o n  
R. Removed from f u r t h e r  t e s t i n g :  
specimen d e t e r i o r a t i n g  badly 
Steel Condition 
1. Cull ing of surface 
2. Light corrosion visible ( s c a t t e r e d  spo t s )  
3.  xedium cor:osion visible !lo% of su r face \  
4. Extensive cor ros ion  v i s i b l e  (over 25gof surface) 
Coating Condition 
a. B 1 is t s r i n g  
b. S l i g h t  delamination 
c. Medium delamination 
d. Complete delamination 
e. Coating d i sco lo r ing ,  some su r face  a t t a c k  
f . Coating degrading/corroding 
g. Fa i lu re  of sea lan t /gaske t  
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